The left hemisphere of the human cerebral cortex is dominant for processing rapid acoustic stimuli, including speech, and this specialized activity is preceded by processing in the auditory brainstem. It is not known to what extent the integrity of brainstem encoding of speech impacts patterns of asymmetry at cortex. Here, we demonstrate that the precision of temporal encoding of speech in auditory brainstem predicts cerebral asymmetry for speech sounds measured in a group of children spanning a range of language skills. Results provide strong evidence that timing deficits measured at the auditory brainstem negatively impact rapid acoustic processing by specialized structures of cortex, and demonstrate a delicate relationship between cortical activation patterns and the temporal integrity of cortical input.
Introduction
The left hemisphere of the cerebral cortex is dominant in the processing of speech, and multiple lines of evidence have demonstrated a general preference of left auditory regions for the processing of rapid acoustic signals (Belin et al., 1998; Liégeois-Chauvel et al., 1999; Zatorre and Belin, 2001) . Activation of specialized structures in the left hemisphere is preceded by processing in the auditory brainstem, a series of nuclei that receive input from the acoustic nerve and transmit this signal to the cortex via auditory thalamus. It is not known to what extent the integrity of brainstem encoding of speech is related to patterns of asymmetry at cortex. Here, we demonstrate a correlation between the precision of temporal encoding of speech in auditory brainstem and cerebral asymmetry for speech sounds.
The auditory brainstem response (ABR) reflects neurophysiologic activity from synchronous neuronal ensembles in rostral and posterior brainstem structures. The ABR has emerged as an experimental tool to assess the integrity of brainstem processing of speech and other complex stimuli in normal and impaired populations . Speech-evoked ABRs represent temporal features of speech stimuli with great fidelity and delays in the response on the order of fractions of milliseconds have been linked to abnormal perception and linguistic abilities.
Auditory-evoked cortical responses reflect the summation of EPSPs originating from structures located primarily in the tem-poral lobe. Like ABRs, cortical potentials rely on stimulus-locked, synchronous firing from neuronal ensembles; however, they provide an abstract representation of features in acoustic stimuli. The early components of cortical responses (Ͻ150 ms) reflect obligatory acoustic processing of speech stimuli (Sharma et al., 2000) and left-asymmetric responses in this time range is thought to describe its preference for processing of rapid acoustic signals, including speech (Liégeois-Chauvel et al., 1999; Bellis et al., 2000) .
To investigate a correspondence between brainstem encoding of speech and patterns of asymmetry at cortex, speech-evoked ABRs and cortical asymmetry for speech were evaluated in a group of children spanning a range in language skills, including children with language-based learning disabilities (LD). LD children were included in this study to provide the larger group with a wide range of neurophysiologic profiles: LDs have long been associated with abnormal cerebral asymmetry (Morgan, 1896) and more recently have demonstrated deficient encoding of speech sounds in the auditory brainstem (Cunningham et al., 2001; Banai et al., 2005; Wible et al., 2005) . We also tested subjects on behavioral measures, including speech sound perception and tests of academic achievement, to assess a potential relationship between behavior and cortical asymmetry.
Materials and Methods
The research protocol was approved by the Institutional Review Board of Northwestern University. Parental consent and the child's assent were obtained for all evaluation procedures, and children were paid for their participation in the study.
Subjects. All children were between 8 and 12 years of age, reported no history of neurological or otological disease, and were of normal intelligence (scores Ͼ85 on the Brief Cognitive Scale) (Woodcock and Johnson, 1977) . In addition, all children had normal pure-tone hearing thresholds and click-evoked ABRs. The grouping of subjects in this work is based entirely on brainstem or cortical physiologic measures; however, normal (NL) and LD children are briefly described here, with group statistics provided in Table 1 . LD children (n ϭ 30) were age-matched to NLs (n ϭ 37). Children with learning problems consisted of children who had been formally identified as such by an independent pyschoeducational diagnostician. Inspection of Table 1 reveals that the mean reading and spelling scores for LD subjects are below average (average is a score of 100 for these standardized test scores), but are not in the "impaired" range, defined as a score of Ͻ85. In addition, mean reading and spelling scores of NLs are considered above average. Nevertheless, the normal group differed significantly from the LD group on measures of auditory processing (Woodcock and Johnson, 1989 ) (a composite score derived from the Incomplete Words and Sound Blending subtests), single-word reading and spelling ( p Ͻ 0.001 for these three tests) (Wilkinson, 1993) and a measure of speech sound discrimination ( p Ͻ 0.03) (Carrell et al., 1999) .
Recording procedure. The procedures to measure brainstem and cortical responses were identical to those that have been described (Russo et al., 2004; Warrier et al., 2004) . Brainstem and cortical responses were measured during different sessions. Brainstem responses were differentially recorded at a sampling rate of 20 kHz using a vertex electrode referenced to the right earlobe. The forehead served as ground. Three blocks of 1000 repetitions were collected at each polarity. For cortical responses, recording electrodes were placed at the vertex and over left and right temporal lobes; TL was located halfway between electrode sites T3 and T5 according to the international 10 -20 system (Jasper, 1958) , and TR was located halfway between T4 and T6. The nose served as the reference electrode, and the forehead served as ground. Cortical responses were sampled at 2 kHz, and 1000 repetitions were collected. For both brainstem and cortical recordings, speech sounds were presented to the right ear at 80 dB sound pressure level through insert earphones. The interstimulus interval was 51 ms for brainstem responses and 590 ms for cortical responses. Because the side of stimulation was held constant for all subjects (right ear), we reasoned that subject differences in cortical asymmetry could not be attributable to stimulus delivery issues. The stimulus used to evoke brainstem and cortical responses was the speech syllable /da/ synthesized at a sampling rate of 10 kHz. The stimulus was 40 ms in duration and consisted of five formants with an onset burst during the first 10 ms at F3, F4, and F5.
Data analysis. Brainstem responses to the speech sound /da/ have been described in previous reports (Cunningham et al., 2001; King et al., 2002; Russo et al., 2004 Russo et al., , 2005 Wible et al., 2004 Wible et al., , 2005 Banai et al., 2005; Johnson et al., 2005) and are extremely reliable between and within subjects (Russo et al., 2004) . Amplitudes and latencies for brainstem onset (peaks V and A), offset (peak O), and fundamental frequency following (peaks D, E, and F) were identified for each subject. To enable comparisons between peak latencies, Z scores for all peak latencies were calculated. To prevent spurious results from regression analyses, which can be overly biased by outlying data points, all raw (i.e., before Z score calculation) brainstem peak and cortical asymmetry values beyond 2 SDs of the mean were moved to the 2 SD point for that particular measure. Across all brainstem peak and cortical asymmetry measures, 19 data points (of a total of 455) were moved to the 2 SD point. Brainstem responses in one normal and one LD subject did not indicate a clear peak D and peak O, respectively. Because ANOVA and regression analyses explicitly relied on latency and amplitude data for all brainstem peaks, these subjects were omitted. Detailed descriptions of all analyses are provided throughout Results and are not repeated here. Figure 1 , bottom, shows the /da/ stimulus waveform and three overlaid brainstem responses. Common among these three responses is that temporal features of the stimulus are represented in brainstem responses: stimulus onset is evidenced by a large positive-negative peak complex at ϳ8.5 ms after stimulus onset (peaks V and A); phase-locking to the fundamental frequency of the stimulus is represented by negative peaks between 20 and 45 ms (peaks D, E, F); the offset of the stimulus is represented by a negative peak at ϳ49 ms (peak O). The presence of these particular peaks is extremely consistent between subjects and has been described in previous reports (King et al., 2002; Russo et al., 2004; Wible et al., 2004; Banai et al., 2005; Johnson et al., 2005) . It has been proposed that peaks representing acoustic transients in the stimulus (peaks V, A, and O) are served by distinct neural mechanisms relative to those representing steady-state aspects of the stimulus, like the fundamental frequency (peaks D, E, and F) . Regardless of the stereotyped morphology of responses, slight variations in the timing of brainstem peak latencies are evident across subjects, and previous studies have indicated that delays in the representation of acoustic transients by the brainstem, such as speech onset and offset are related to literacy in school-aged children (Cunningham et al., 2001; King et al., 2002; Wible et al., 2004; Banai et al., 2005) . We ranked subjects' brainstem responses according to the latency of onset and offset peaks by transforming absolute latencies of peaks V, A, and O into Z scores, and then averaged these Z-score values for each subject. This provided a single score for a subject that represented the composite transient (onset and offset) response of the brainstem to the speech sound stimulus. We then divided the subjects into five groups in ascending order of brainstem latency and averaged the responses within each group. Dividing all the subjects into five groups for this initial analysis enabled large enough samples (n ϭ 13) to avoid a single subject overwhelming an average across responses while also enabling a reasonable gradient by which to assess cortical activation patterns as a function of brainstem onset/offset latency. The zoomed-in plots of peaks V, A, and O in Figure 1 show the latency differences, which are on the order of tenths of milliseconds, between first (early), third (middle), and fifth quintile (late) brainstem responses to transients. Table 2 lists the number of subjects, as well as the breakdown of normal and LD subjects, in the five groups categorized according to brainstem transient (onset/offset) latency.
Results
For cortical responses, we calculated the global field power (GFP), a measure defined as the SD across multiple channels as a function of time. Peaks in the GFP serve to isolate and identify auditory evoked potential components and reflect a maximum of the total underlying brain activity that contributes to the surface potential field (Lehmann and Skrandies, 1980) . A dominant peak identified in the GFP for both normal and LD subjects occurred at ϳ140 ms, consistent with a pattern of cortical activation that has been described in previous reports Penry, 1975, 1977; Tonnquist-Uhlén et al., 2003) . This GFP result enabled us to focus our investigation on auditory cortical responses at this latency.
To investigate cortical activation patterns associated with delayed brainstem timing, cortical responses were averaged within each of the five brainstem timing-defined groups. Figure 1 , top, shows a distinct relationship between the relative timing of brainstem peaks and early cortical responses: subjects in the early brainstem timing group show a striking left-dominant cortical activation pattern, whereas middle and late groups showed progressively more similar responses between temporal electrodes, with subjects in the late group showing virtually symmetric responses. This pattern was most prominent at latencies centered at 140 ms (shaded region), the latency range identified in the GFP analysis. The large amplitude difference between left and right temporal electrodes seen in the early brainstem group has been described in previous reports as an indicator of cortical response asymmetry (Näätänen et al., 1997; Bellis et al., 2000) and provides evidence for diminished cortical asymmetry for speech sounds in children with delayed brainstem responses. One-way ANOVA statistics comparing individual subjects' cortical asymmetry, defined as the mean amplitude difference between TL and TR electrodes from 130 to 145 ms, for the three brainstem-defined groups displayed in Figure 1 , top, indicated a significant effect of brainstem timing on cortical asymmetry (F (2,36) ϭ 4.805; p ϭ 0.014). Post hoc Tukey's honestly significant difference comparisons revealed that the early ABR group exhibited greater asymmetry than the late group ( p ϭ 0.013); however, the middle group was not statistically different from either the early or late group ( p Ͼ 0.05).
To further investigate the relationship between the timing of brainstem response onset/offset and cortical asymmetry, we evaluated this phenomenon across all subjects. To assign an asymmetry value to each subject, we calculated the mean amplitude difference between TL and TR electrodes for all subjects from 130 to 145 ms, producing a range of numbers from Ϫ150 through ϩ50 V, with the most negative values indicating responses with the greatest leftward dominance. To quantify the relationship between brainstem timing for transients and cortical asymmetry, we performed a regression analysis on subjects' average brainstem onset/offset peak latency Z score and asymmetry values. This relationship is displayed in Figure 2 A, and results indicate that the timing of onset/offset transients in the brainstem response predicts the degree of cerebral asymmetry across subjects (F (1,63) ϭ 10.365; p ϭ 0.002; r 2 ϭ 0.14). This relationship is markedly stronger when the three data points outside of the 95% confidence interval are removed from the regression analysis (F (1,60) ϭ 15.947; p ϭ 0.0002; r 2 ϭ 0.21) (note that two of the data points outside of the 95% confidence interval fall on top of one another, making it appear that only two data points are outside this interval). The same relationship was found when the LD group was analyzed separately from the normal group (F (1,34) ϭ 5.376; p ϭ 0.027; r 2 ϭ 0.14) and was marginally significant because of an outlying data point when the normal group was analyzed separately (with outlier: F (1,27) ϭ 4.065, p ϭ 0.054, r 2 ϭ 0.13; without outlier: F (1,26) ϭ 6.510, p ϭ 0.017, r 2 ϭ 0.20). The within-group results indicate that the relationship between brainstem timing and cortical asymmetry is a general property of the central auditory system regardless of diagnostic category.
Contrary to findings with respect to onset/offset peaks in the brainstem response, no relationship was seen between fundamental frequency phase-locking, defined as the average Z-transformed latency of peaks D, E, and F, and cortical asymmetry (Fig. 2 B) . Regression of the timing of fundamental frequency phase-locking on cerebral asymmetry was neither signif- icant when analyzed across all subjects (F (1,63) ϭ 0.936; p ϭ 0.337; r 2 ϭ 0.01; not significant) nor when analyzed separately in the normal and LD groups (normal group only: F (1,28) ϭ 0.147, p ϭ 0.704, r 2 ϭ 0.005, not significant; LD only: F (1,34) ϭ 0.935, p ϭ 0.34, r 2 ϭ 0.027, not significant). Moreover, no relationship was seen between cortical asymmetry and any measure of brainstem peak amplitude or frequency-domain spectrum ( p Ͼ 0.15 for all measures; not significant). Consistent with previous reports, these data demonstrate dissociation between onset/offset and frequency following components of the brainstem response, further suggesting separate mechanisms for these features of the response . It is not known to what extent abnormal brain processing of brief speech sound stimuli may be related to behavioral deficits on tasks that rely on normal auditory function. We reasoned that if the current measure of cortical asymmetry reflected temporal processing of the speech signal, then individuals with abnormal patterns of asymmetry should reveal deficits on two types of behavioral tasks: tasks that directly measure rapid acoustic processing (Johnsrude et al., 1997; Belin et al., 1998; Joanisse and Gati, 2003; Zaehle et al., 2004) such as speech sound discrimination, and linguistic measures, such as reading and phonological processing, which are thought to be negatively affected as a consequence of deficient acoustic processing (Tallal et al., 1993) . To test this hypothesis, we first divided the combined normal and LD group into quintiles based on strength of cortical asymmetry ( Table 3 ). Then, we compared individual subjects' scores of speech perception and academic achievement for those subjects with the strongest and weakest leftward asymmetry, determined by the bottom and top asymmetry quintiles for the combined normal and LD group (n ϭ 14) ( Fig. 3) . Results indicated that strong left-dominant subjects performed better in discriminating the speech syllable /da/ from /ga/, a contrast that requires precise acoustic processing of rapid frequency transitions (t ϭ 2.575; p ϭ 0.016). Discrimination between the speech syllables /ba/-/wa/, a contrast that varies in the duration of the formant transition, serves as a task control to /da/-/ga/ discrimination (Kraus et al., 1996) , which varies in the spectral content of the formant transition. There was no difference between strong and weak leftdominant subjects on the /ba/-/wa/ discrimination task (t ϭ 0.511; p Ͼ 0.50; not significant). The strong left-dominant subjects also performed better on tests of phonological processing and spelling, and results from a single-word reading test narrowly missed statistical significance (auditory processing: t ϭ 2.106, p ϭ 0.045; spelling: t ϭ 2.608, p ϭ 0.015; single-word reading: t ϭ 1.897, p ϭ 0.068). The majority of strong (n ϭ 12) and weak (n ϭ 13) left-dominant subjects were also tested on nonword reading, another important measure of phonological ability, and again strong left-dominant subjects performed better (t ϭ 2.366; p ϭ 0.027). A consideration is that the strong left-dominant subject group consists primarily of normal subjects, whereas the weak left-dominant group has primarily LDs (Table 3) , which explains the discrepancy in the behavioral scores between these groups. Nevertheless, these data suggest that the current measure of cortical asymmetry reflects essential temporal processing of the speech stimulus and that abnormal acoustic encoding of speech sounds by left hemisphere auditory areas may contribute to reading deficits.
Discussion
In summary, we have shown that auditory brainstem timing of speech onset and offset is correlated to a measure of cortical asymmetry across, and within, normal and LD subjects. In addition, it was shown that subjects with greater left-asymmetric activation patterns were better than subjects with weak asymmetry on a number of tasks that rely on phonological processing, including reading and spelling. Together, these data indicate a specific relationship between temporal acuity in the auditory brainstem and cerebral asymmetry for speech sounds associated with phonological processing and reading ability.
Brainstem and cortical processing of speech sounds
The relationship between brainstem synchrony and cerebral asymmetry for speech sounds adds to a growing literature linking the auditory brainstem with cortical processing of speech. Wible et al. (2005) demonstrated a strong correlation between synchronous onset timing of the speech-evoked ABR and the ability of cortical responses to maintain their representation of speech in the presence of background noise, suggesting that brainstem synchrony is related to the robustness of cortical representations. In another study, Banai et al. (2005) showed that asynchronous onset timing in the auditory brainstem was related to poor cortical sensitivity to acoustic change, measured in a group of normal and LD children. In conjunction with the findings described here, these data provide converging evidence that cortical function is closely related to brainstem timing for speech sounds.
An important consideration for the current data is the presence of temporal processing abnormalities across multiple levels of the auditory system. The dynamics of this system is an exciting topic, and although the results reported here do not prove causality between brainstem and cortical processing of speech sounds, the three following scenarios could account for their relationship. One plausible scenario is that neural deficits at a lower (i.e., more peripheral) level of the auditory pathway cause abnormal cortical activation patterns, a tempting possibility based on signal flow in the afferent pathway of the auditory system. A piece of evidence in favor of this hypothesis is that auditory brainstem responses reach maturity many years before au- ditory cortex (Inagaki et al., 1987; Ponton et al., 2000) , indicating a peripheral-to-central hierarchy in the development of this system. To its detriment, this interpretation would be an oversimplification of an extremely complex system that includes parallel (Young, 1998; Kaas and Hackett, 2000) and top-down (Xiao and Suga, 2002; Perrot et al., 2005) processing from cortex, allowing for ongoing reciprocal brainstem/cortex interactions. Although it is certainly plausible that "normal" cortical activation patterns would not develop if brainstem nuclei were not able to properly represent this signal, it remains to be seen whether this is what actually occurs in the disabled auditory system.
Alternatively, a top-down scenario in which abnormal cortical function causes poor neural synchrony in the brainstem, and possibly more peripheral stations in the auditory system (Xiao and Suga, 2002) , is also a possibility. A compelling hypothesis from the visual system, called the reverse hierarchy theory, poses that high-level cortical areas are responsible for directing plasticity in lower cortical levels, such as V1 (Ahissar and Hochstein, 2004) . Although it is conceivable that similar forms of plasticity could extend to brainstem nuclei, the authors of this theory do not explicitly address this possibility. Indeed, studies in anesthetized bat have shown that cortical stimulation can drive plasticity in the inferior colliculus (Ma and Suga, 2001) , the primary auditory nucleus of the midbrain. Moreover, it has been shown that auditory training (Russo et al., 2005) and language experience (Krishnan et al., 2005) impact brainstem encoding of acoustic elements of speech, which suggests that cortical mechanisms associated with directed attention and language can improve subcortical sensory encoding. Although these pieces of evidence describe particular top-down relationships between the cortex and brainstem, neither of them speaks directly to the etiology of abnormal acoustic processing in these two parts of the brain.
A third possible scenario to describe the dynamics of abnormal brainstem-cortical function lies somewhere between the previous two possibilities: abnormal function is truly systemic in nature, owing neither to aberrant brainstem or cortical function in particular. In this scenario, abnormal brainstem-cortical function represents a general failure of the system, possibly attributable to asynchronous activation patterns between the two auditory regions. A tenet of neuroscience proposed by Donald Hebb states that neurons that are active at the same time are mutually strengthened, and conversely, neural connections are weakened when the constituent neurons are activated asynchronously (Hebb, 1949) . In the event that normal brainstem and cortical function are mutually reliant on synchronous activation between one another, then the current data could be explained as a general signaling disorder between these two regions of the brain. More work is required to specifically address the etiology of abnormal auditory function in the brainstem and cortex.
Feature dissociation in the auditory brainstem
The speech-evoked ABR provides discrete representations of many aspects of the acoustic structure of speech (Russo et al., 2004) , including separate neural representations of speech sound onset, phase-locking to the fundamental and formant frequencies and speech sound offset. As mentioned previously, the current work adds to a growing body of evidence linking brainstem and cortical processing of speech sounds. A common thread among all of these studies is that the portion of the ABR reflecting speech sound onset is the structural feature that is associated with these various forms of cortical processing, in this case patterns of cortical asymmetry. The specificity of the onset response of the brainstem with regards to cortical processing of speech reinforces the notion that component features of the brainstem response are functionally dissociated from one another. This finding is consistent with a meta-analysis of a number of speech ABR experiments that showed a pattern in the dissociation of speech sound representations in the auditory brainstem . Specifically, it was argued that auditory brainstem representations of the "source" of speech, which is generated by the vocal folds (i.e., the fundamental frequency), is differentiated from brainstem representations of features of speech introduced by the rest of the vocal tract, which serves as an acoustic "filter" (i.e., onset transients and formant structure). Future studies in both humans and animal models (King et al., 1999) may be able to better characterize the dissociation of the representations of acoustic features by the brainstem in speech.
Components of cerebral asymmetry
A known limitation of this work is that stimulus presentation was provided to the right ear for all subjects, yet it is well established that there is a stronger contralateral than ipsilateral cortical response independent of left hemisphere asymmetries for speech sounds. Therefore, a reduction in the size of the asymmetry could be due either to (1) a reduction in the contralaterality of the right ear-left hemisphere response, or (2) a change in the degree of left hemisphere specialization. It is argued that, because all subjects were tested identically, it is reasonable to assume that effects of cerebral asymmetry are attributable to known specialized processing of the left hemisphere for the speech signal. Although the current data clearly demonstrate a general effect of cerebral asymmetry, future studies are needed to delineate the relative contributions of the contralateral response and the left hemisphere specialization for acoustic features of speech.
Conclusion
Cerebral dominance is a fundamental organizing principle of the nervous system. It is hypothesized that the left hemisphere's preference for rapid acoustic signals (Schwartz and Tallal, 1980; Belin et al., 1998) underlies cerebral dominance for language, and serves as a mechanism for the remarkable translation of acoustic speech information into complex linguistic constructs. Normal auditory function relies on the integrity of many auditory nuclei in the ascending pathway between the cochlea and the cortex, and findings described here demonstrate a relationship between extremely brief (ϳ0.05 ms) delays at the brainstem and cortical activation patterns. Future studies addressing functional relationships between cortex and more peripheral loci in the auditory system will enable a more comprehensive understanding of the normal auditory system, and may serve to remediate auditory deficits in populations in which hearing function is of interest, such as individuals with learning disabilities, individuals with autism, and the elderly.
